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detector problems with regard to fabrication, crosstalk, linearity, and 
charge transfer inefficiency. 

Operation of an integrated optical channel waveguide array-CCD transversal 
filter is reported. Channel waveguides formed in V-grooves couple directly to 
the sensor elements of the four phase, double polysilicon CCD. Experimental 
results include a filter transfer function having good agreement with 
theoretical results. 

The voltage contrast mode of a scanning electron microscope (SEM) is 
utilized to observe charge-coupled devices (CCDs) which have been cross 
sectioned. A new cross sectioning technique which uses anisotropic etching 
to accurately define the axis along which fracture occurs is presented. ^ 
Lapping is not required in this technique, as smooth surfaces result fro!TV.the 
controlled fracturing. SEM imaging of the region just beneath a CCD double- 
level, polycrystalline silicon electrode structure revealed a region of con- 
trast which appeared and disappeared under the presence and absence of an 
applied pulsed bias. 

We have achieved the first demonstration of laser annealing of thin-film 
optical waveguides to reduce scattering losses. Values of waveguide loss as 
low as .01 dB/cm have been measured for laser-annealed ZnO waveguides and for 
Corning 7059 glass waveguides which have been both laser annealed and had 
surface coatings applied. Significant improvements have also been observed 
for Si3N», NbpOs, and Ta20r waveguides. A 50W CO- laser for laser annealing 
along with a Deam scanner and a focusing lens were used. Precise measurements 
of waveguide loss were performed by sampling a streak of light propagating in 
a thin-film waveguide with a fiber probe incorporated into a scanning photo- 
metric microscope as a function of distance along the propagation axis. The 
presence of the microscope allowed precise positioning of the fiber with 
respect to the waveguide and motorized scanning of the fiber transverse to the 
propagation axis. Electronic signal averaging during this scan including 
correction for laser power fluctuations was used to improve the precision of 
the measurement. 

An extensive analysis of crosstalk in photodetector arrays is described. 
The effect of a lens imaging a field distribution onto the photodetector array 
is included along with the effects of carrier diffusion. 

We have carried out an investigation of the use of phosphosilicate glass 
(PSG) flow for integrated optical circuits. PSG layers of thicknesses ranging 
from 4 to 22 urn were chemically vapor deposited on V-grooves in silicon sub- 
strates having a depth of 175 um. The effect on the flow of (1) P205 concen- 
tration in PSG layers (5-10 mol")» (2) ambient during flow (dry O2, wet 0o, 
POCK, and wet N2), (3) temperature (1000°-1200°C) and (4) time (30-120 mm) 
of tne process has been determined. The extent of flow, as measured by 
curvature of the rounded corners, has been plotted against PSG layer thick- 
ness and reflow time. Radii of curvature up to 36 um through 70° bends have 
been measured. Flow of PSG is used along with anisotropic etching to form 
a novel optical waveguide lens. 

\ 

! »• e «a 

DD 

a 
o 

o n 
o 

T 
m 
o 
o 

-*T 

SECURITY  Cl. ASSJIKJC ATlM* Br *UT     <£G£' 



pr-l 

Table of Contents 

±i 

Page 

t.       Introduction      1 

II. Array of Channel  Waveguides Coupled to An  Integrated CCU  ....    4 

A.    Device Structure        4 

ü.     Integrated Channel  Uaveguide-CCD Transversal   Filter    ....  13 

C. Fan-üut Channel Waveguide Array for High Resolution    ....  17 

D. Optical  Crosstalk in Linear Imaging Arrays     24 

E. CCD Examination Using Voltage Contrast With a SEM       29 

III. Improvements in Materials for Integrated Optics       34 

A. Laser Annealing-to Reduce Scattering 34 

B. Applications of Phosphosilicate Glass  (PSG) Flow to 
Integrated Optics       37 

C. Use of PSG Flow and Anisotropie Etching to Form 
a Novel Waveguide Lens 43 

IV. Planar Waveguides Coupled to Integrated Photodetector 
Arrays 49 

A. Device Structure   49 

B. Use in Scattering Measurements 54 

V. Summary and Conclusions    59 

VI. Program Publications   61 

VII. Acknowledgments  65 

VIII. References  66 

AIR rrr ;•: OFFICE OF SCIENTIFIC RESEARCH (AFSC) 
ROTI I "  'IC 
Xhir, tool nil viewed ^'id is 
appj r ' - ' ' •'•• ! 1?3-12. 
Disti ibut. ; •• 
MATTHEW J. KERr] 
Chief, Technical Information Division 

•---  -- . . V-I.'JT» TiftF—*— • -' 



I.  Introüuction 

The present report describes the accomplishments of research involviny 

integration of a photooetector array with an optical waveyuide structure and 

applications to siynal processing. Most of the important results have been 

puDlished (see Section VI for a list of program puDÜcations) so the present 

report will not contain full details of all accomplishments. For those wish- 

ing more detail in a certain area, specific publications will be referenced 

where more details appear. 

Major research accomplishments occurred in three areas: (1) Improvements 

in materials for integrated optics, (2) Various devices using an array of 

channel waveguides coupled to a linear charge-coupled device (CCD) imaging 

array, and (3) Planar' waveguides coupled to integrated photodetectors. 

Noteworthy in the first area is the achievement of values of planar waveguide 

propagation loss (.01 dB/cm) an order of magnitude better than any value ever 

reported previously.  We accomplished this for two different materials by 

lasar annealing:  Corning 7059 glass and zinc oxide 1, 2 Major accomplish- 

ments in the second area include experimental demonstration of an integrated 

3 
channel waveguide - CCD transversal filter, of a channel waveguide fan-out 

4 
array coupled to a CCD for high resolution imaging and an analysis of cross- 

5 
talk in photodetector arrays.  Of note in the third area was the first demon- 

stration of an optical waveguide coupled to a CCD, '  , formation of taper 

couplers for these devices, and the use of these device structures for per- 

g 
forming scattering measurements. 

The present research program has thus far investigated a number of inte- 

grated optical device configurations utilizing a silicon substrate. The 

motivation for investigating devices utilizing silicun is first, due to its 

potential use for such signal processing devices as the integrated optical 

•"• V-ii wif i IMA^.-'TT! -I • 



spectrum analyzer. 
10-13 

second, its usefulness for performing waveyuide ae- 

< 

M 

tection in such siynal processiny devices formed on LiNbOo, third, to provide 

14 
inteyration of external components in fiber optic interferometric devices, 

and fourth, to allow combination of inteyrated optical devices äna inteyrateo 

electronic circuits to form hiyher data rate systems. The recent demonstra- 

tion in our laboratory of waveyuide loss in thin film waveyuides as low as .01 

dB/cm after laser anneal iny implies that it may be worthwhile consideriny 

formation of the interferometer in an optical waveyuide rather than a fiber. 

Such a confiyuration would siynificantly reduce the size and allow total 

component inteyration on a silicon wafer substrate. This reduction in size 

and increase in component inteyration would be very desirable for application 

of yuided wave interferometric sensors in military systems. 

Many of the device confiyurations considered in the present program have 

involved the integration of optical channel waveguide arrays inteyrated with 

CCUs.  In addition to research described here, we have demonstrated the cou- 

15 
pliny of optical fibers to such channel waveyuides under sponsorship of NSF. 

Channel waveyuides provide confinement of the propagating field in all trans- 

verse directions, when an array of channel waveguides is integrated with a 

CCD, each channel waveyuide terminates onto a linear CCÜ imager array element. 

The CCD then multiplexes or combines in a prescribed manner the information 

contained in the parallel optical channels, providiny a serial electrical 

output. Transversal filteriny in this manner has been demonstrated as a part 

of the present research proyram.J Examples of several other ways this can be 

used advantayeously are described throughout this report. 

The effect of waveyuide scattering on the integrated optical signal 

processing device dynamic range has been analyzed and numerical results pre- 

sented for   variations    in the scattering pattern as a part of the present 

..... - '-         -MV X,i. -,*, m^d^l 
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research proyram. The results of this analysis indicate that dynamic ranye 

is aeyraded in proportion to waveyuide scatteriny in such a way that a re- 

duction in waveyuide attenuation due to scatteriny by a factor of ID leads to 

a reduction in dynamic ranye of about 10 dB and conversely. Thus, the fact 

that we have reduced scatteriny in several optical waveyuide materials by 

factors of 100 over values previously reported in the literature implies that 

devices which could use these materials could achieve a significant increase 

in dynamic range. 

In what follows we first discuss in II channel waveyuide arrays coupled 

to inteyrated CCDs which have been investiyated.  In this section we also 

discuss the first use of voltaye contrast in a scanniny electron microscope to 

17 
iniaye a CCD duriny operation.   We then consider material improvements for 

inteyrated optics in III and the coupliny of planar waveyuides to photoelector 

arrays in IV. We follow this with conclusions in V, a list of proyram publi- 

cations in VI, and finally with acknowledyements and references. 

•-• *• • -- -    y t  ,i,W JMxsate 
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II.     Arrdy of Channel   waveguides  Coupled to An  Integrated CCD 

A.       Device Structure 

As noted in the introduction, an optical channel waveguide Arrdy couplea 

to a CCO linear imaging array and integrated onto the same silicon substrate 

was   fabricated   and   successfully  operated   early   in   the   program.     ' This 

device is shown schematically in Fig. 1. The channel waveguide array is 

formed by preferential-etching of V-grooves in the 100 plane of silicon. ' 

This integrated device differs from planar slab waveguide CCD structures in 

that tne present structure is configured such that an individual channel 

waveguide is coupled to each array element of the CCD image sensor. This 

integrated device structure thus provides a method for the parallel injection 

of signals into a CCD wi-th a high degree of isolation between parallel chan- 

nels. Channel isolation and channel density are expected to be superior to 

that of parallel electrical signal injection because of the absence of capaci- 

tive  coupliny  in  the  former.     Furthermore,   because  light  propagating  in  each 

channel  waveguide is bound  to  this  region,  better channel   isolation than would 

77 
exist in a comparable bulk optical  wave structure ^ is expected. 

Details   of   the   fabrication   of   this   device   have   been   published   else- 

19 where. A novel aspect of this devise is the CCD photodiode coupling struc- 

ture. The realization of this device depends on a good coupling structure 

between the photodiode array and the CCO. The signal injection from the 

photouiode array into the CCD and the emergence of the signal from the CCD 

forms a parallel-in/serial-out conversion. The coupling structure should 

provide an isolated channel for each photodiode to transfer signal into the 

corresponding CCD cell. A new coupling structure which ooes not complicate 

the CCD structure and which is compatible with relaxed photolithographic 

tolerances  has  been  used.     In   this structure wry small  contact hcles are not 

- -—•   •-••     •  •-- jKjajott^^L 
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needed on the rather narrow polysilicon bus electrodes which connect dll the 

electrodes of each phase to the same side of the CCD. In this design, one of 

the CCD pnases for a two phase device ana two of the phases for a four phase 

device are placed on the p'notodiode side of the CCD. These bus electrodes 

also serve as a part of the coupling structure between the photouiode arrey 

and the CCu. Since the bus lines can be placed on both sides of the CCD, 

conventional CCD device design can be used except with a modification on the 

channel stop diffusion under the phase one bus line. The usual MOS channel 

should be left nere  to allow charge transfer into the CCD. 

Figure 2 shows the coupling structure of a photodiode array with a four 

phase, double polysilicon CCD. The coupling structure consists of three MOS 

gates in series. These are the bias gate (BG), carrier integration gate (CIG) 

and transfer gate (TG). Underneath these gates, a series of parallel n 

diffusion bars extending from the edge of the V-grooves isolating the photo- 

dioaes through the 0. bus line and stopping under the phase three bus line of 

the CCD forms potential barriers to create electrically isolated coupling 

channels to exist from the photodiode to the CCD. This kind of a coupling 

structure provides for signal integration capability for low level light 

operation. 

Figure 3 snows the coupling structure of a fabricated photodiode arräy- 

CCD imager. A four-phase CCD is used in this particular process, and V-groove 

isolation diffusion is used between photodiodes. In this device, the bias 

gate is 7.5 urn wide with 2.5 pin overlap of the photodiode and integration 

gate. The transfer gate is the same size as the bias gate with 2.5 ym over- 

lap of the integration gate ana of the CCD phase one bus line. The size of 

the integration gate is chosen to have nearly the same area as one of the CCD 

electrodes to ensure charge overflow does not occur inside the CCD when a 

large charge packet is transferred from the integration gate. The integration 

•— 
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photodiode array 

Bias gate 

Carrier integration 
gate 

Transfer gate 

01 Bus line 

CCD channel 

y 
Fig. 3  Coupling structure of a four-phase, double polysilicon 

photodiode CCD device. 
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yate is 25 pm wiue ana 62.5 pin lony in this device. Notice that the n 

channel isolation diffusion extends across tne CCu 0. bus line and terminates 

at the edye of the 0-, electrode. This arrangement ensures isolation of the CCD 

cell, and maintains charge shifting directionality. 

The dynamic behavior of the 4 phase CCD is controlled by the 4 phase 

clock voltaye waveforms as wel as the voltage waveforms which control paral- 

lel injection and the output amplifier. The timing diagram of these voltage 

waveforms is sho^n in Fig. 4. The p channel CCD clock voltage waveforms are 

91) dtgreee phase shifted to adjacent phases such that 0, and 03 are complemen- 

tary waveforms, as are those of 0- and ^4- Tne input gate pulse is synchro- 

nized with the negative going edye of the 0, pulse and the same for the reset 

gate pulse since the first and last CCÜ electrodes are designed to be 0-, 

electrodes. A sampling pulse is synchronized with the negative going edge of 

the 0, pulse. The timing sequence of the output circuit is as follows. During 

ttie period 0, is negative the last CCD electrode is receiving charge, the 

reset pulse having already allowed the reference voltage to be reset at the 

output. The occurrance of reset of the output during the early part of the 

period when 0, is negative provides a longer available reset time which could 

last as long as half of a clock cycle. After reset the 0, clock turns off its 

respective electrodes and forces charge through the channel beneath the dc 

biased output gate toward the output diode. The sampling pulse is turned on 

late djriny the period when the 0, electrodes are turned off so as to provide 

a longer charge transfer time. Since the sampliny circuit required only a 

short sampling tiiiie in comparison to the reset time, the width of the sampling 

pulse can be adjusted as small as possible. Also shown in Fig. 4 are the 

transfer gate and charge inteyration gate pulses for device operation. 

To evaluate the performance of the CCU, the most important parameter 

characterizing operation is the charge transfer efficiency or, equivalently, 

^*^ ^_^, • T.T*-:re--TgB-^ 
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transfer inefficiency which is one minus transfer efficiency. Transfer inef- 

ficiency raeasures the fraction of charge left behind upon each transfer. 

Transfer inefficiency can be determined by first operating a CCu without any 

input signal for a certain period of time such that all the trapped charge in 

surface states is released. If a signal cnarge packet is then injected into 

the CCu, many of the carriers in this packet are trapped. Subsequent injected 

pulses do not encounter as many empty traps. Since the traps release trapped 

signal charge at later times, the output of the CCD will De a dispersed pulse 

train. Figure 5-a illustrates CCu response to a train of 7 equal amplitude 

input pulses. Note that the amplitude of the first pulse is degraded and 

residual pulses follow the seven output pulses, in accordance with the above 

explanation. 

The degree of   signal charge spreading is characterized by the charge 

transfer inefficiency.  Charge transfer inefficiency can be calculated from 

23 
the CCD response to an equal amplitude pulse train.   As shown in Fig. 5-a 

the discrepancy of the first output pulse amplitudes shows loss of signal 

charge, while the small amplitude pulses following the last signal pulse 

correspond to the emission of trapped signal charge. The presence of bias 

charge injected into the CCD at all times significantly reduces the above 

problem by keeping the surface traps filled. Transfer inefficiency improves 

significantly as a result and the associate signal distortion is eliminated, 

as is indicated in Fig. 5-b which corresponds to the situation in Fig. 5-a but 

wi tn bias charge. Using the established procedure to determine transfer 

inefficiency, the transfer inefficiency of the device tested in Fig. 12 is 

1.0 x lu."4 

Experimental measurements of the optical response of this device have 

19 
been published elsewhere  and thus will not be repeated here. Further exper- 

imental results will be discussed in later sections of this chapter. 

------ —..  • •«. 
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Fig. 5(a)  Output of a four-phase, double polysilicon CCD 
clocked at 100 KHz without bias charge. 
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Fig. 5(b)  Output of the above CCD with about 6% bias charge. 
Transfer efficiency is about 0.9999. 
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B. Integrated Channel Waveguide - CCU Transversal Filter 

Operation of an array of optical channel waveguides integrated with a 

charge-coupled device (CCO) as a transversal filter is reported in tnis sec- 

tion. The presence of channels having low loss and good isolation presents 

excellent potential for applications such as multiplexing or transversal 

filtering in which optical channels can replace electrical channels ana there- 

by realize many of the same advantages that result from the use of optical 

fibers in various applications. Light propagating in each element of the 

channel waveguide array is coupled to a sensor element of the CCD efficiently 

and with minimal scatter. The CCD is operated in such a manner so that these 

inputs are summed together with appropriate delay. Transversal filtering then 

results since a delay line with parallel weighted input and serial output has 

the same impulse response and transfer function as the same delay line with 

serial input and parallel weighted output, the configuration used to implement 

24 
conventional CCD transversal filters. 

Optical transversal filtering with CCDs has been demonstrated previously 

by illuminating a CCD linear 1mager through a mask which incorporates the 

weighting.   However, the use of channel waveguides for confining the light 

has potential for more accurate control of channel weighting since geometrical 

access to each channel is available, much greater channel isolation, and, 

because of the simplicity of the channel waveguide structure offers potential 

for yery  high channel densities.  In addition, input of light to each channel 

throuyh an optical fiber is a distinct possibility, since direct coupling of 

light front fibers to channel waveguides of the type present in the device 

15 
being reported herein has previously been demonstrated. '  A high speed pro- 

grammable capability could be otained by pulse duration modulation or by 

direct modulation of a semiconductor laser array. The demonstration of the 
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2 5 
mounting of semiconductor laser array onto silicon'"' implies that a compact 

hybrid device structure is a realistic possibility. 

The configuration of the channel waveguide array-CCD transversal filter 

is shown schematically in Figure 6-a. Channel waveguides ana the CCD am 

formed as in the device described in the previous reaction. As each channel 

waveguide terminates into a separate sensor region, as shown in Fiy. 6-a, a 

large portion of the light incident on this termination excites carriers which 

are collected unaer the integration gate as the potentials of the control and 

integration gates ~re suitaoly adjusted. At the end of each clock period, the 

transfer gate is turned on, as shown in the timing diagram shown in Fig. 6-b, 

so that the collected charge is transferred into the CCD. This charge trans- 

fer occurs simultaneously for each array element ana in a time mucn Irs than 

1/4 of trie CCD clock period. Once this charge has tranferrea into the CCD, 

the transfer yate is turned off and the charge is shifted along the CCD. 

Clockiny in this manner performs the delay and summing function characteristic 

of a transversal filter. The four MOS transistors at the input to the LED 

array are included to symbolize analog multiplication for establishing tap 

weights  in the transversal  filter. 

The device in Fig. 6 has been fabricated. The 20 channel waveguides are 

each 25 vm by 1.6 mm with a periodic spacing of 35 um. The diffused portion 

of the sensor elements is 25 yin by 114 u"i with 9058 of this area overlapping 

down into the V-groove and the integration gate is 25 ym by 100 yin, both 

having a periodic spacing of 35 m. The CCD polysilicon electrodes are 15 um 

by 130 um for the first level and 12.5 yffl x 130 pin for the second overlapping 

level. An MOS reset amplifier with employs a double reset gate with the gate 

closest to the floating diffusion held at dc and the other pulsed is inte- 

grated at the CCD output, as this arrangement reduces clock feedthrough. CCD 

charge   transfer   inefficiency,   defined   as   the   fraction   of   charge    lost   per 

- "• -•- — 
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i 

transfer, is measured by applyiny a small yroup of electrical pulses to the 

serial input preceeded by a long period of no input, as discussed earlier. A 

-4 
transfer inefficiency of 1.0 x 10  has been measured for this device also. 

The device in Fig. 6 has been excited optical by utilizing V-groove 

end-coupling fur coupling light into the channel waveyuides. This coupling 

mehod utilizes the fact that V-grooves in silicon have V surfaces at their 

terminations. By depositing aluminum over these end surfaces, a mirror is 

formed which allows light to be reflected directly into the waveguide. 

Operation of the above device as a tranversal filter has been achieved by 

foucusing light from a single light-emitting diode (LEO) with a cylindrical 

lens onto the end-coupling region. Use of single LED does not allow the 

flexibility of varying the tap weighting as use of an array would, but it does 

allow demonstration of transversal filter operation for fixed and uniform tap 

weighting. By making the focal region longer than the end coupler region, we 

expect that the light intensity distribution along the end coupler is nearly 

uniform so that the effective tap weighting is nearly uniform. To measure the 

filter transfer function of frequency. Fig. 7 shows a plot of the measureu 

and theoretical transfer function of such a filter for a 20 tap device having 

equal tap weighting. Note that the lavel of the experimentally-measured 

sidelobes is slightly less than that of the theoretical value. We attribute 

tnis to inherent apodization present in the distribution of the incident light 

focused onto the eno-coupler region. 

C.  Fan-Out Channel Waveguide Array For High Resolution Optical 

Waveguide Imaging 

Signal processing devices such as the integrated optical spectrum analy- 

zer   c  are motivating the development of integrated optical waveguide len- 

'7-30 
ses.^    The constraints of limited substrate &reA  and high frequency resolu- 

._; *~- .TLJ •>, 
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tion lead to the use of small f-number waveguide lenses. To fully resolve 

focal plane liyht distributions for such lenses, detector arrays having center- 

to-cenier spacings of a few mi corns are required. As system requirements point 

toward several hundred resolvable spots, use of a CCD linear imaging array is 

advantageous. Forming a CCD linear image array having a period of several 

microns   is   difficult   but   possible.     However,   as   integrated   optical   devices 

such as the spectrum analyzer dre expected to use a semiconductor laser having 
5 

\ - .82 urn, the absorption length in silicon is about 15 urn. The fabrica- 

tion of a CCD linear imaging array having a period significantly less than the 

absorption length, but in which channel isolation is to be maintained, adds 

considerable difficulty to the design and fabrication tasks. For these rea- 

sons we are presenting an alternate approach utilizing a channel waveguide 

fan-out array coupled to an integrated CCD. This device provides the desired 

fine spatial resolution, while allowing use of a CCD having a much larger 

period. The larger period simplifies CCD fabrication and provides improved 

channel   isolation. 

Implementation of the integrated optical devices is currently being 

investigated using both LiNbtL and silicon substrates. L1Nb(L structures 

provide superior acousto-optic performance, while silicon structures provide 

for integration of detectors and mors economical processing and material 

costs. The fan-out channel waveguide array described herein is fabricated on a 

silicon substrate, thus being directly applicable to integrated optical sili- 

con devices. However, the concept ic applicable LiNbO-. devices, ano would 

provide many of the same advantages as  noted above. 

To fdbricate the devices described herein, a new procedure in polyure- 

thane waveguide fabrication technology has been developed and is reported. 

For the  first   time,   high  quality patterns having 5 micron resolution in poly- 

-— * • b SKS2EL1 
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uretnane films can be formed, using a minimum of equipment ana processiny 

steps. 

Tne fan-out channel waveguide array coupled to a CCÜ is shown in Fiy. 

3-a. The fan-out array performs several functions simultaneously. Coupliny 

between the slao waveguide ana separate, independent channel wäveyuides ef- 

fects a hiyh resolution spatial sampliny function. Since the slab and channel 

waveguides are formed simultaneously, the thickness of both the slab and 

channel waveyuides are essentially the same so that scatteriny due to the 

resulting mode structure difference is minimized.0 Hiyh spatial resolution 

is obtained since the input center-to-center spacing of the fan array is 

considerably less than the actual center-to-center spacing of the detector 

array. The increase in spatial resolution results without any sacrifice in 

detector array performance with regard to crosstalk. 

To achieve the needed guiding layer structure, the polyurethane is de- 

posited by spinning it over thermally-grown SiO?, wnich has a lower index of 

refraction. The SiO» must be somewhat greater than a wavelength in thickness 

to prevent tunnelling through to the hiyh index silicon substrate.0' This is 

a commonly accepted waveguide configuration for integrated optics. Any sub- 

strate can be used for polyurethane waveyuides provided a low index buffer 

layer is present to separate high index substrates from the waveguide medium. 

Polyurethane's index of 1.5b at 6328A compares well with Si0o's index of 1.45. 

GaAs, LiUbCk, or other substrates with sputtered or chemical-vapor deposited 

Siü,, films are acceptable configurations. 

The acutal fan-out array pattern, as shown in Fig. 8-b, is computer 

generated. Program data includes center-to-center spaciny and width of the 

channel waveyuides at the input and output enos of the array, and the length 

of   the  dmy.     The  computer  then yenerates  the pattern on a  flat bed plotter. 

> **W! 



21 

[•'• 

I 
s 

(0 
s- 
3 
CB 

•r— 

C 
o 
o 
O) . 
u c 

• f— i- > CJ 
QJ +J 
-o 4-> 

fO 
o cr 
o 
CJ •»-> 

1 3 
>> O 
ro 1 
1_ C 
S- re 
«3 <+- 
QJ >i 

XJ a 
• r— i_ 
3 s- 
en <D 
QJ > ai 
fO •o 
^ •^ 

a 
r— en 
<D QJ 
C > 
C 10 
(O 3 
.c 
u i— 

0) 
tJ c 
QJ c 

-t-> T3 
(O c 
S- u 
CT 
QJ -C 

-l-> 4-> 
C • i— 

»—< i 

IZ 

CO 

Cn 

,     .»i- —. -.„,*.  i      Y n MdL 



22 

—— - T^IDT'C^X   V:- 



23 

The width of each channel increases linearly between the input and output 

ends. As each channel follows a sinusoiaal path between input and output, the 

spacing between guides gradually increases. The sinusoiual path is a half 

cyc^ in length so that the slope is zero at each end. This is to insure a 

straight waveguide for best sampling at the input, and alignment ease at the 

ouptput. Although it was not necessary here, actual straight segments can 

easily be added to the input and output channel waveguides by the computer, 

without changing the basic nature of the device. 

Waveguide curvature loss  is known to increase markedly when the radius of 

32 curvature  falls   below a  critical   value.    Marcuse      and Marcatili  have studied 

this   problem   with   Marcatili's   model    more   accurately   resembling   integrated 

optical  curved waveguides-.    However,  Marcuse's  results are simpler to apply to 

the   patterns   discussed   herein,   and   Marcuse  maintains   that  agreement  is  good 

between his  results and Marcatili's. 

Following  Marcuse,0<: a   critical   radius   of  a  curvature,   Rcrit»   exists   in 

which   for   a   radius   less   than   this,   severe  scattering  will   occur,   but  for  a 

larger radius negligiole scattering occurs.     In terms of waveguiae parameters, 

R    -.   is  given as en t        a 

Rcrit = 3n£d/(n|-n?) (1) 

where n„ = 1.55 is the waveguide material refractive index, n, is the cladding 

refractive index equal to 1.0 for air for this case, and d is the waveguide 

width of the channel waveguide. For a waveguide width of d=5 vm, Rcr^t 
= 

25.69b piii.    The minimum radius  of curvature for the present device is given as 

Rm<„ =   0+dy/,J3/27U2y/H  2)  min mm dx dx' (2) 

jua ^•nai'raBE^-T 
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where y describes the sinusoidal pdth the channel waveguide boundary follows 

as a function of x. Tiie radius is to be evaluated at the point of maximum 

curvature, i.e., minimum radius. 

As shown in Fig. ts-b, each channel follows a sinusoidal path between 

evenly spaced input and output array locations. The computer program automat- 

ically adjusts the simple equation to achieve proper spacing and alignment. 

The maximum curvature, minimum radius, occurs for the two outer channels at 

the extremes in Fig. 8-b. The maximum curvature will occur at the beginning 

and end points of the array. Dropping the constant terms, the top channel 

path is described by 

137.16 cos 
2TTX 

4b72.0 
vim (3) 

Then R . = 3.9 x 10  ym.  From comparing R .. and k . , we conclude that 
mm cnt    mm' 

scattering loss due to waveguide curvature should be negligible. 

This present device uses channel waveguides formed utilizing polyure- 

thane. This and other polymers have been shown to form optical waveguides 

34 
having very   low scattering ana attenuation losses. Ulrich and Heber  dis- 

cussed the properties of a variety of solution deposited waveguide materials, 

3b 
and reported on a thin-film ring laser using polyurethane on a glass rod. 

Further articles, notably by Swalen, et al. ° and Tsang, et al.  have ex- 

plored polymer thin films ana preferential etching for waveguide fabrication. 

The fabrication process has been presented by us in the open literature and 

31 
thus will not be repeated here.   Details concerning the CCD-fan-out array 

device shown in Fig. 8-a have been present by us elsewhere and also will not 

4 
be repeated here. 

D.  Optical Cross Talk in Linear Imaging Arrays 

An analysis of cross talk in photodetector arrays has been completed 

------ ;«c^Z' MhJ^. 
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as a part of this AFUSR program. This analysis incorporates effects of 

carrier aiffusion the diffraction spread of an incident ligh beam, and the 

f/nunber of the lens focusing the light onto the photodetector array. The 

analysis is sufficiently general to consider either foOS or photodiode sensing 

elements. 

This analysis complements the experimental development of the fan-out 

channel waveguide array described in the previous section. A simulation 

computer program has been developed to predict crosstalk in integrated de- 

tector arrays. This simulation effort has been baseo on an accurate theo- 

retical foundation. The overall system has been divided into sub-systems to 

aid theoretical analysis and digital simulation. As our work has been orient- 

ed towards integrated optical signal processing devices, the simulation starts 

by determining an accurate field function for the output spot of the lens. 

This is done using the well known Fourier Transform properties of a convex 

lens. The original contribution of this effort is the simulation of the 

substrate processes as shown in Figure 9. Sub-systems for the optical dif- 

fraction   field   and   the   crosstalk   carrier   diffusion   permit  simpler  analysis. 

In this context it is not practical to discuss all the theoretical and 

practical details of the simulation. However, an examination of Figure 9 

indicates the major features. The optical field in the semiconductor sub- 

strate must account for diffraction due to the narrow aperture and for the 

complex attenuation and phase shift processes which occur in this lossy med- 

ium. Wear-field simulation of the aperture problem requires careful appli- 

cation of ketteler's tquations to solve the lossy medium angle dependent wave 

propagation parameters and use of the Fourier Transform to equate the aperture 

field   with   a   spec turm  of   plane  waves   propagating   at   different   angles.     An 

._ •  •— ^ •        V i' • Ji iltii'  i iSr« i ** m'  i 
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efficient FFT is jseu tu achieve the Fourier Transform, ana the different 

components of the diffraction field have been interrelatea so that one spec- 

trum eventually describes three requirea components. The aperture problem is 

considered complete when tne spatial distribution of photogenerated minority 

carriers  is derived from the Poynting vector of  the optical   field. 

Given the generation rate for minority carriers, the carrier diffusion 

simulation commences. As shown in Figure 9, it is necessary to determine the 

ratio of carriers which by random diffusion reach a detector element in the 

array, resulting in an output current. Carriers which recombine or reach the 

surface in a non-detector location do not contribute to the output. The 

diffusion solution can be obtained using an impulse function and convolution 

summation  approach.     However,   it  is  computationally more efficient to use the 

FFT   ano    frequency   domain   multiplication   instead.     Further   details   of   the 

4 38 simulation have been published elsewhere.   ' 

Kesults  of  tne  simulation  are  briefly summarized  in Figure 10.    The full 

extent   of   possible   design   variations  which  can  be  simulated  are   too  vast   to 

consider  here,    'we  present  these  results to demonstrate the power ano utility 

of   the  simulation  and  to  verify the fan-out array concept advantages  in focal 

plane line imaging.    The figure is a plot of total  crosstalk for imaging array 

systems  versus  the effective detector element spacing.    This effective spacing 

rtfers   either   to   actual   elements   or   to   input  channel   spacings  of  a  fan-out 

array.     The   three   fan-out   array   simulations   use   a   constant   detector   array 

employing 3b micron center spacing.    A fourth fan-out ratio would be  1:1.    The 

better  crosstalk   performance   of   the   fan-out   array   system  over   the  range  of 

spacings  is evident and expected.    Simulation of the two systems will   simplify 

the optimal  design efforts of fan-out and  imaging arrays. 

*&**& 
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The results shown in Figure 10 are the first such quantitative simula- 

tions reported on imayiny array crosstalk. The numDer of factors considered 

in the simulation and the complexity of the processes shown in Figure 9, and 

others not shown, prevent any accurate closed form solution to thib problem. 

Incl jaea in tiie simulation are parameters for: lens focal lenyth and dia- 

meter; free space wavelength; gaussian input beam standard devation; waveguide 

layer refractive index; detector element spacing, aperture widtn, and actual 

element width; diffusion constant; minority carrier lifetime; fan-out array 

input channel width and spacing; and complex permittivity of the semiconductor 

substrate. All these may be varied to simulate crosstalk of different systems 

in a theoretically sound quantitative manner. 

< 

E.      CCD Examination Using Voltage Contrast With a SEM 

The scanning electron microscope (SEM) has been widely used for the 

examination of various aspects of semiconductor devices and integrated cir- 

cuits. The voltage contrast mode has allowed imaging of depletion regions on 

wafer surfaces and on lapped cross-sectional surfaces, in tr stuay carried 

out under the present AFOSR program we have considered imaging depletion 

regions in charge-coupled devices which contain double-level metal-oxide-semi- 

cuiiductor (MGbj capacitors with polycrystal1ine silicon (polysilicon) gates, 

pn junctions, floating diffusions, and MOS transistors. Of particular note is 

the observation of transient effects. By applying a low-duty cycle pulse 

train to a device under SEM observation, we observed transient charging through 

capacitive coupling of a floating diffusion region. 

Besides considering a more complicated device than did a  previous study, 

we  also  present  a  new  technique for accomplishing breakage of a wafer alony a 

desired   line  defined  on   the  water  surface.     This   technique  results   in a  very 

37 
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smooth ;ross sectional view of the wafer at the desired location. The capa- 

oility of controlling the position of breakage allows cross sectioning to be 

implemented so as to intersect tue particular device to be examined. This 

implies that the present SEM technique could be applied to devices contained 

in actual   integrated circuits. 

Previously most studies of the cross-section or wafers involved the 

cutting or fracture of the sample and polishing with successively finer com- 

pounds until the desired surface was sufficiently smooth. This results in a 

smooth surface but the introduction of surface states and contamination to 

this process is not desirable when attempting to image a charge region. Also, 

the precise location of the breakage cannot be accurately defined. In the 

present stuoy we have used the presence of a V-groove formed by anisotropic 

etching of a (TUG) surface to define the axis along which breakage occurs. 

These V-grooves are formed away from the devices of interest and thus do not 

interfere with device operation. The need for V-grooves to define fracture 

axes implies that such axes are then limited to lines parallel to the (110) 

direction. 

The technique of using etched grooves to initiate a fracture plane re- 

quires that the grooves extend to the edge of the wafer die. Such V-grooves 

can be formed on a mask with a photorepeater so that V-grooves extend from one 

die to the adjacent one. The V-groove fabrication step can readily be added 

to u,any existing fabrication processes. The position of the V-grooves can 

then be varied by simply altering the simple mask used for V-groove fabri- 

cation. Upon completion of the fabrication process the wafer is then scribed 

or cut as usual in the direction perpendicular to the V-groove axis. Pressure 

on the backside of the wafer along an axis parallel to and in proximity to the 

V-groove  axis cause  breakage  along  the  (111) plane forming the V-groove side- 

: .& ••",,, 
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t 

wall to occur. This precise control of the fracture location was found to be 

quite repeatable. 

The voltage contrast mode of SEM operation which images secondary elec- 

trons vas utilised in this study. Voltaye contrast arises from the presence 

of local electric fields associated with applied potential differences which 

,,iay reduce or enhance secondary emission. Variations in surface potential 

aloiuj a surface are thus manifested as corresponding contrast variations in 

the SEM imaye. we utilized an International Scientific Instrument model M-7 

SEM which is equipped for voltaye feedthrouyh capability. 

We examined a CCD of the type utilized to form the transversal filter 

described earlier. This CCD is a 4-phase, double-level polysilicon electrode 

device fabricated on an n type substrate. Figures 11-a and b present pictures 

of the cross-sectioned CCD with a voltaye of -11.7 volts applied separately to 

two of the four phases. The effect of applying a voltage to a conductor on an 

StM image is to cause the conductor to appear much briyhter. In Fiy. 11-a we 

see voltage applied to first level polysilicon electrodes, while in Fig. 11-b 

we see voltage applied to second level polysilicon electrodes. The voltaye 

applied corresponds to a pulse train having period 10 p sec. in order to si- 

mulate electrode clocking. The bus lines for the other two phases were re- 

moved in the cross sectioning. Fiyures 11-a and b indicate that with voltaye 

applied the polysilicon electrodes give good contrast. A close examination of 

these inicoryraphs reveals a darkeniny of contrast on the cross-sectioned 

surface just beneath the biased electrodes. Similar photographs of this same 

device but with higher magnification are prescribed elsewhere. Results 

demonstrating SLN observation of transient charjiny of capacitors are not 

included here because they have been published elsewhere. 
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(I») 

Fig. 11  a) CCD after cross sectioning with one phase of the first level 
electrodes biased with a train of pulses having amplitude -11.7 
volts, b) Same device in (a) with one phase of the second level 
electrodes having the same bias applied as in (a). 
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In the examination and imaging of the cross-sectioned devices, conditions 

exist that are not normally present during operation of a complete device. The 

exposure tu atmosphere ana contaminants, surface states created by the frac- 

turing, aim irradiation by an electron beam introduce varying conditions tnat 

may or i;,ay not be repeatable, not to mention detrimental to trie operation of 

the aevice. however, oata has been obtained in the present study which indi- 

cates that devices may possibly be viewed while under operating conditions. 

Imaging of the LCu double level electrode structure revealed a region of 

contrast whicn could clearly be distinguished under the presence and absence 

of an applied pulse bias. Application of a pulsed bias to the output gate 

resulted in charje being stored on the floating p+ diffusion at the output 

while application of a dc bias did not. 

In addition a new technique utilizing anisotropic etching for cross 

sectioning wafers along a lithographically-defined axis has been presented. 

This tecnnique is simple, involving controlled fracturing, but yields very 

smooth cross-sectioned surfaces over long lengths near the original wafer 

surface. The main limitation to this technique is that it can only be applied 

to (1UÜ) oriented wafers and for axes parallel to the (lib) direction. 

3 
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III.   Improvements  in Materials  For Integrated Optics 

A.       Laser annealing  to Reduce Scattering 

It is advantageous to reduce scattering in optical tnin-film waveguides 

for several reasons. Lower scattering loss implies lower requirements for 

laser   source   power,    thus   allowing   higher   beam   quality   semiconductor   laser 

sources   to   be   used.     as   scattering   degrades   dynamic   range  J   in   integrated 

10-12 optical   signal   processing  devices   such   as   the   spectrum  analyzer, "  better 

performance can be achieved in these devices if a reduction in scattering can 

be implemented. This class of devices would then become more competitive with 

other  approaches   to   performing   the  signal  processing.    Also,  if scattering  in 

thin-film optical   waveguides  can  be   reduced dramatically,  then  the possiblity 

39 
of an integrated version of an optical fiber interferometer sensor  may 

become feasible. 

We have achieved a significant reduction of scattering in glass thin-film 

1 2 40 41 
optical wavejuides by utilizing the technique of laser annealing. ' ' ' 

Reduction in attenuation measured in dB/cm by as much as two orders of magni- 

tude has been consistently observed after laser annealing for a number of 

waveguides. These waveguides were formed on a number of waveguide materials 

fabricated by a variety of techniques. Details of this work has been pu- 

blished so only a brief summary of results will be presented here. 

VJe used a 50W CO. laser for laser annealing along with a beam scanner and 

a focusing lens having a focal length of 6.4 cm. Different power densities 

were used for different materials. Scanning occurred horizontally, typically 

at a rate of lcm/sec, followed by vertical stepping and repetition of the 

scanning and stepping in order to anneal reasonable-sized areas. Precise 

measurements of waveguide loss were performed by sampling a streak of light 

propagating in a thin-film waveguide with a fiber probe incorporated into a 
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scanning photometric microscope as a function of distance alone, the propa- 

gation axis. The presence of the microscope allowed precise positioning of 

the fioer with respect to the wave^uiae and motorized scanning of the fiber 

transverse to the propagation axis, electronic signal averaging during this 

scan including correction for laser power fluctuations was used to improve the 

precision of the measurement. 

i-ieasureu values of scattered intensity for the lowest order TL mode are 

plotted on a log scale as a function of distance along the propagation axis in 

Figs. 12 ano 13 for a ZuO and a 7U59 glass waveguide, respectively. A linear 

mean square fit of the data also is included in these figures. As the ver- 

tical scale is logarithmic, the slopes of these lines correspond directly to 

waveguide attenuation. The low value of loss for 7Ü59 glass associated with 

the oata in Fig. 12 was obtained by first laser annealing and then applying a 

1U00 A thick surface coating of titanium-doped SiCL by spinning a liquid and 

furnace hardening. Tnis film has a refractive index approximately equal to 

tnat of 7(JL>9 glass and thus diminishes the perturbing effect of any irregular- 

ities on the 7Uo9 glass surface. 

ke suits demonstrating reduction in optical scattering in Si~N«, Ta-Or, 

4Ü and   iNb-Or    thin-film   optical    waveguides   has   also   been   observed. Table   I 

summarizes tne lowest loss achieved by laser annealing these materials com- 

pared to tne loss measured before laser annealing and the best results re- 

ported preciously. also included in Table I are similar data for ZnU and 

turning  70b9 glass. 
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Fig.12  The logarithm of the relative scattered intensity is plotted versus 
distance along the 7059 glass waveguide. The upper and lower straight lines 
represent best fits to the data obtained for the TE0 mode before and after 
laser annealing, respectively. 
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Fig. 13  The logarithm of the relative scattered 'ntensity is plotted versus 
distance along the ZnO waveguide. The upper and lower straight lines represent 
best fits to the data obtained for the TE0 mode before and after laser annealing, 
respectively. 
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Table I 

WAVEGUIDE LOSS RESULTING FROM LASER ANNEALING 

COMPARED TO PRcVlUUS RESULTS 

u 

Type of 
Waveyuiae 

Corniny 
7u59 Glass 

ZnO 
(Ainorpnous 
Substrate) 

Nb205 

Ta205 

si3i<4 

Lowest Loss 
Previously Reported 

1.0 dB/CM 

1.0 dB/CM 

1.0 dB/CM 

0.9 dB/CM 

0.1 dB/CM 

Current Results 
Before After 

Laser Annealing   Laser Anneali ny 

4.0 dB/CM 

2.5 dB/CM 

7.4 dB/CM 

1.3 dB/CM 

6.0 dB/CM 

0.05 dB/CM 
(0.01 dB/CM)* 

0.01 dB/CM 

0.6 dB/CM 

0.4 dB/CM 

0.1  dB/CM 

*with Surface Coating Added. 

3.  Applications of Phosphosilacate  Glass (PSG) Flow to Integrated Optics 

Inteyrated optical circuits show considerable potential for applications 

in areas such as signal processing because of anticipated performance levels 

and economical advantages associated with integrated devices. Some components 

of the integrated optical devices ana of the optical circuits such as geodesic 

lenses and transition regions to detector arrays require light travelling in a 

waveguide to cross sharp discontinuites in substrate or isolation layer pro- 

files. The passage of light over a sharp step causes excessive scattering 

resulting in loss of energy as well as degradation of dynamic range. For a 

certain type geodesic waveguide lens the guided radiation has to bend through 

angles as small as 70°. Energy loss considerations dictate that the radius of 

curvature of the bend be larger than a certain minimum radius Rcr^t which 

depends on the waveyuide parameters.  Flow of chemically vapor deposited 

-- *- -i    - «^ - im'adilY  I \MtY, i  * if 
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phosphosi1icate ijlass is employed to provide smootn tapers for transition 

regions and bend radii large enough to minimize scattering loss. 

In what follows we summarize results published elsewhere concerning the 

flow behavior of phosphosi1icate ylass deposited using CVD techniques and 

flowed under a variety of conditions. Presentation of a tneoretical mooel to 

account for observed flow characteristics has been deferred pending further 

investigation. Following a discussion of PSG flow we discuss the formation of 

PSG bridge structures which span across V-grooves formed In silicon by ani- 

sotropic etching. These bridge structures consist of a PSG layer which has 

been deposited by chemical vapor deposition and then shaped by surface tension 

during heat treatment. Open space is clearly apparent beneath these bridge 

structures. The bridge structure has been observed to span V-grooves notches 

over lengths of 25 mm. Formation of the bridge structures has occurred on a 

number of samples for several different preparation conditions. 

Structures for PSG flow evaluation were prepared by etching V-grooves in 

100 type silicon substrates. The grooves were formed by defining rectangular 

windows in a masking oxide layer and etching the silicon using an anisotropic 

etchant. The V-grooves thus formed have a notch angle of 70° determined by 

orientation of the crystal planes. PSG deposited in the notch and heated to a 

high temperature undergoes flow during which surface tension shapes the glass 

layer into a smooth beno. Measurement of the radius of curvature of the bend 

thus provides an indication of the degree of flow. 

A standard anisotropic etch using pyrocatechol, ethylene diamine and DI 

water was employed to etch V-grooves 175 um deep. The silicon wafers were 

then thermally oxidized using wet 0o to grow a silicon dioxide layer approxi- 

mately 0.75 ]jin thick. 

PSG layers were deposited on the oxidized wafers in a Navtec System 3UÜ 

rotary hot plate CVD System.  A substrate temperature during deposition of 

- "-   -   —- - •-••  ' ••»• - ^"lr-'lm 
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40ü°C was employed. SiH./PH, mole ratios of 4, 8, ana 14 were usea. The 

0../hydride ratio was kept at 12 for all cases. Nitrogen was used as the 

dilaent cjas. Total ylass flow rates ranged from approximately 1.7 1 /min to 

Z.'d 1/nin. These conditions were selected to yield values of approximately b, 

S,   ana   11   mol   *  Pour   in  the  glass.     Depositions  were carried out for periods 
c   J 

of 30, o0, 90, 120, and 150 min. We used fixed deposition time periods rather 

than fixed PSO layer thicknesses because deposition rate varies with deposi- 

tion conditions and the above procedure simplified work considerably. Lacking 

continuous monitoring of film thickness, subsequent scanning electron micro- 

scope (SLM) examination of cleaved cross sections of the samples was used to 

determine layer thickness. 

Samples were then loaded vertically in furnances for flow at temperatures 

of 1000°, 1100°, and 1200°V. Ambients during flow were P0C13> dry 02> and N2 

bubbled through 95°C deionized water. Flow was carried out for 60, 90, ana 

120 liiin. The samples were cleaved after flow and and examined in an SEM. 

Pictures uf V-groove notches snowing PSG flow were obtained. Radii of cur- 

vature of the bends were then measured from these pictures. 

Glass flow was carried out in different ambients and at different temper- 

atures. It was observed that if P0CL-, was used as the ambient, the PSG layer 

was damaged by formation of a whitish deposit. Since these layers will form 

part of waveguide structure surface damage cannot be tolerated as it results 

in scattering losses. We therefore did not pursue the investigation of this 

ambient any further. 

The results of glass flow at 1200°C for 9ü min in various ambients arc 

plotted in Fig. 14. The degree of flow as measureu by radius of curvature of 

the bend is plotted against PSG deposition time ratner than layer thickness 

because data for three P?0r concentrations is shown.  The uncertainty in all 
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radius measurements is with ±1 pin. This result is typical of a variety of 

42 
experiments. 

It may be concluded that the degree of glass flow is enhanced by in- 

creasing (1) phosphorous concentration, (2) flow time, (3) flow temperature, 

ana (4) introducing water vapor in the ambient during the flow process. The 

degree of flow also increased with increasing layer thickness except in one 

case. For a wet JL ambient the degree of flow seems to have peaked around 

14.5 urn. There is little difference between the amount of glass flow in wet 

Ü., as compared to wet fi,. 

Some anomalies were observed and were explained by the presence of a 

43 
bridge structure spanning the groove with voids beneath the bridges.   These 

voids were formed when the samples were heated to cause PSG glow. Figure 15 

shows SEM pictures of these voids. Figures 15(a) and (b) are micrographs of 

different groove notches from the same sample. It is clearly evident that the 

presence of a void has increased the radius of curvature of the bend. Figure 

15(c) shows another void from a different angle. The bottom of the V-groove 

notch can be seen easily. Figure 15(d) is an overall view of the coated V- 

groove after reflow showing bending of PSG at the groove edges. Some of the 

scatter in data may also be caused by localized variations in glass flow due 

to inhomogeneous phosphorous distribution. A portion of tne scatter may also 

be attributed to measurement inaccuracies. Sufficient experimentation to 

determine the statistical properties of this data has not been carried out. 

The creation of voids was ur^xpected since earlier work had not hinted at 

any such development. Further work remains to be done before the exact con- 

ditions necessary for bridge formation are determined. This would involve 

ascertaining viscosity and surface tension of PSG during flow. Effects of 

phosphorous diffusion through glass and oxide layers and the substrate with 
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Fig. 15  a) PSG covered V-groove notch showing formation of a smooth 
bend due to glass flow, b) Another V-groove notch from the 
same sample showing increased radius Df curvature of the bend 
due to formation of a void, c) Void formed in PSG deposited in 
a V-groove notch after glass flow. The bottom of the notch formed 
by crystal planes can be seen, d) PSG coated V-groove after glass 
flow. 
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resulting changes in phase composition need to be taken into account. Thermo- 

dynamics of the process plus capillarity effects in the notch dlso have to be 

considered. Needless to say this information is also required to cevelop a 

complete model of phosphosilicate glass flow under nonvoid forming conditions. 

It should be mentioned that maximum-sized voids giving rise to maximum benü 

raaii were formed after 90 min in the furnace with a wet 0~ ambient for 22 vm 

thick layers containing 10 m%  PoOr. 

Finally we found that in the low viscosity regime encountered in some 

cases, gravitational effects on glass flow can be significant. Since wafers 

were loaded vertically instead of horizontally with groove lengths parallel to 

the horizontal plane, the PSG profile after flowing becomes asymmetrical. 

< 

C.  Use of PSG Flow and Anisotropie Etching to Form a Novel Waveguide Lens 

Integrated optical signal processing systems, such as the spectrum analy- 

zer, have considerable potential for application because of anticipated perfor- 

mance levels and the economical advantage associated with an integrated de- 

vice. Optical waveguide lenses are inherent to the operation of such systems. 

Implementation of the integrated optical spectrum analyzer is currently being 

investigated using LiNb0o instead of a Si substrate, with as noted earlier, 

LiNbU-, structures providing superior acousto-optic performance, while Si 

structures allow integration of charge-coupled device image arrays and more 

economical processing and materials costs.  Geodesic optical waveguide enses 

are generally used with LiNBO-, structures, while both geodesic and Lüneburg 

27 28 29 
lenses have been used with Si structures. '   Fresnel waveguide lenses " 

could possibly be used with either of the above substrates. We report herein 

the fabrication by anisotropic etching of a geodesic optical waveguide lens 

utilizing a Si substrate.   In comparison to mechanically-formed geodesic 

fj 
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3D ?8 
lenses  or shaduw-sputtered Lüneburg lenses,  the lens reported herein has 

the advantages of fabrication simplicity, corrections for aberrations are 

easily incorporateu by altering the curvature of the mask pattern, the sub- 

strate area consumed is small, negative lenses can be readily formed, ana 

because the lens position is defined litnoyrapnically, its position on the 

substrate can be accurately controlled with respect to other inteyrated op- 

tical elements. 

Previous yeoaesic optical waveguide lenses have been made by first mechan- 

ically forming a depression, which is usually sprerical, into the substrate 

surface, followed by waveguide formation. As light propayating in a waveyuide 

mode enters the depression region, ray components follow geodesic paths having 

different lengths, thus effectiny a lens. We have demonstrated the fabrica- 

tion of a suitable depression by anisotropic etchiny. Althouyh the depression 

formed in this way is not spherical, its shape is controlled by the litho- 

yraphic pattern, the anisotropic etchiny properties of the substrate, and the 

nature of the deposited layers forming the multilayer waveyuide structure. 

The geodesic lens considered herein utilizes the anisotropic etchiny 

properties of (lUu) surfaces of silicon which allow V-yrooves to be formed 

along (110) directions. V-yruoves haviny various sizes can be formed auriny a 

sinyle etchiny step due to the anisotropic nature of the etchiny. Since the 

depth of these V-grooves depends only on the width of the mask opening, by 

tapering this .-/idtn, such as in the profile of a thin lens, a variable depth 

region is created. Fig. 16 illustrates the resulting lens configuration. 

After forming the variable-depth V-groove, a 1.0 \im layer of Si0^ is then 

thermally gron/n, followed by chemical vapor deposition of phosphosilicate 

glass (PSO). Reflow of this PSG was then carried out. The glass reflow causes 

the sharp edges of the V-groove and the bottom of the V-groove to become 
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Fig. 16  Configuration of the anisotropically-etched geodesic waveguide lens. 
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ruunaed. Repetition of the deposition and reflow process hds yielded consider- 

able rounding. The optical waveguide is then formed by depositing a Corning 

7U59 glass film by RF sputtering. Liyht propagating in a waveguide mode 

passes througn the waveguide lens with its propagation direction normal to the 

V-grouve axis. 

Rounding of the sharp edges surrounding the lens region and along the 

V-yroove axis is necessary in order to minimize optical scattering, as scat- 

tering can degrade performance of an integrated optical signal processing 

system. Considerable rounding has been accomplished by chemical vapor depos- 

ition of a 3 urn thick layer of PSG at 400°C. The phosphorous content of the 

deposited layer is estimated to be 10%. Reflow is then accomplished by pla- 

cing the wafer in a steam oxidation furnace at 110(J°C for 60 minutes. This 

deposition and reflow was then repeated three times for the samples discussed 

herein. Rounding could be observed through an optical microscope as an ap- 

parent broadening of the bottom edge of the V-groove. After lens fabrication 

ana testing, a sample was fractured along an axis perpendicular to the V- 

groove axis and examined with a scanning electron microscope. Considerable 

reflow was evident. The raoii of curvature of the reflowed region are R = 

68 pill along the lens boundary and R = 11 pin at the bottom of the V-groove. 

The first of these values exceed the critical value of radius of curvature 

below which severe scattering would be expected, but the second is slightly 

below this critical value. Repeating the PSG deposition and reflow steps 

several more times on future samples may thus eliminate some of the excess 

scattering occurring in the lens region of the present samples. 

Measurement of the lens diffraction pattern was performed for an expanded 

45 
input beam utilizing reimaging , with the result shown in Fig. 17.  Insteao 

of utilizing output prism coupling with reimaging, while etching the lens 

groove we etched a series of lines on each side of the wafer parallel to the 
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V-yroove axis to yuide cleavage. Once the position of the focdl point .'/as 

observed, cleavage along the nearest pair of these guide lines was effected. 

An external cylindrical lens was then slightly adjusted until the focal plane 

corresponded to the cleaved edge of the wafer. The focal spot was then re- 

imaged tnrougn a microscope to the film plane of the camera attachment. A 

pin-hole detector combination was then scanned in this plane to obtain a focal 

spot  width   that   is   1.7X  tne  diffraction-limited  value,  as   shown  in  Fig.   17. 
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IV. Planar Waveguides Coupled to Integrated Photodetector Arrays 

A.  Device Structure 

The early portion of this AFÜSR research program involved the first 

demonstration of the integration of a CCD photodetector array with a planar 

thin-film waveguide. In linear CCD imaging arrays integrated into optical 

waveguide structures, guided optical waves propagate along the wafer surface 

entering the imaging device laterally as opposed to from the frontside or 

backside as in conventional imaging devices. If the waveguiding film is 

uniform alony the direction parallel to the axis of the detector array, a 

planar waveguide exists and the function of the CCD array  is to image light 

variations in this transverse dimension. Such devices are expected to find 

applications in integrated optical signal processing structures as they allow 

conversion of spatial information carried by a guided optical wave in a paral- 

lel format to an electrical signal having a serial format. 

The configuration of a slab optical waveguide imager is shown in Fig. 18. 

The dielectric optical waveguide region is located at the left side of this 

figure. A thin-film dielectric optical waveguide is formed from a material 

having higher refractive index than the surrounding regions. The presence of 

the Si02 film is necessary as the effective optical waveguide substrate mater- 

ial to prevent significant loss due to evanescent field coupling to the sili- 

con substrate. A very high quality and smooth optical surface of SiO? is 

readily formed by high temperature thermal oxidation.  In the region approach- 

ing the photodiode array the thickness of Siu0 is tapered to a smaller value 

and eventually terminates at the edge of the photodiodes in order to allow the 

uniform continuation of the waveguide thin film across the photodiodes. The 

extension of the waveguide thin film along the surface of the photodiodes 

tends to reduce scattering at the edge of the photodiooes and provide multiple 

46 
refraction of laser light into the photodiode to increase quantum efficiency. 
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It is important that the taper be gradual, smooth, and unifonn alony the 

detector array in order to minimize scattering and preserve signal inteyrity. 

Our analysis has shown that scattering near the detector array has more impact 

in degrading signal processing dynamic range than does scattering from further 

away. D Vie have successfully fabricated gradual, smooth, and uniform tapers 

by utilizing carefully controlled undercutting duriny oxide etching. Details 

ot taper fabrication have been published. 

The behavior of the CCDs in these devices are similar to those described 

previously. Measurements of optical response are included in publications 

first describing this device. '  One aspect of these CCD's fabricated in this 

research program which was significantly improved over conventional CCDs was 

the integrated ouput amplifier. The signal output of a CCD is represented by 

the magnitude of a charge packet. Conversion of this charge packet into 

output voltage by current flowing through a load resistor yields voltage 

magnitudes of only a few tens of mV voltage. Furthermore, not only does this 

signal appear across the load resistor, but a relatively large clock feed- 

47 
through voltage is superimposed on the signal. A sample and hold circuit  or 

a differential amplifier can be used to eliminate this clock feedthrough. An 

output amplifier integrated on the same chip as the CCD which overcomes these 

disadvantages can also be used. This amplifier is referred to as a gated 

output amplifier or reset amplifier. Its configuration is shown in Fig. 

19-a.   This amplifier operates by allowing the charge packet of the CCD 

output to be transferreu to a small gate capacitor of a MOS transistor to 

obtain a large voltage change. The gated output amplifier shown in Fig. 19-a 

consists of two MOS transistors and an external load resistor. One is the 

reset MOS transistor T-i, while the other is the output MOS transistor T^. The 

source of the reset transistor is also the output diode of the CCD, and it is 

- -— •i-  i '*• 
• T.r^-t 3&L: ^ 



52 
ouTPir X 
RATH  RESET RATE 

, 
3 '•1 ' RESET DRAIN 

—•V. h 
VA p L^J 

T , OUTPUT DRAIN 
2 

LL IJ \2M 
OUTPUT SIGNAL 

(a) 

OUTPUT 
RATE 

*3 *4 *1 
1  1  I 

f RESET GATE (tic) 

RESET GAIT (pulse) 

RESET DRAIN 

T, 

EE3      EZ 
OUTPUT 

)RA1N 

Lilf  II3-11" 

».. 
ODTPII'l 

SIGNAI 

^ n  REGION 

00 

I 

Fin. 19(a)  Conventional gated output amplifier of a CCD having 
single reset gate. 

Fig. 19(b)  Dual gated output amplifier of a CCD having an extra 
dc reset gate. 
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connected to the gate of the output transistor. The output transistor operates 

as a source follower. The operation of this gated output amplifier is de- 

scribed as follows. Within each clock cycle, and before signal charge is 

shifted to the output diode, the reset transistor is turned on for a short 

period to allow tue output diode to be reset to a reference voltage. This 

reference voltaye also sets the gate bias point of the output transistor. 

After reset is accomplished, the reset transistor is turned off, and the 

output diffusion is floating. At this time one packet of signal charge of the 

CCD is shifted into the ouput diode by turning the phase 1 electrode off. The 

change of voltage  V on the gate of the output transistor is proportional to 

the amount of signal charge Q by the relation  V = Q /C , where C is the 

gate capacitance in parallel with the p-n junction capacitance. The smaller 

the capacitance, the laryer the output voltage changes. The chanye of voltaye 

on the gate of the output transistor will correspond to a change of voltage 

across the lodd resistor. 

Fig. 1y-b shows the circuit diagram of the output amplifier used in the 

four-phase, double polysilicon CCD. A symmetrical dual gated output amplifier 

with dual reset gates is used. Tl and T2 form one of the gated output ampli- 

fiers, and 13  and T4 the other. The amplifier adjacent to the CCD receives 

signal charge and any clock pick-up from circuit wiring. The other amplifier 

which has  symmetrical geometric layout receives clock pick-up but no signal 

charge. The outputs of these two amplifiers are  differentially amplified to 

cancel the clock pick-up. The other feature of this output amplifier is that 

dual reset gates are used instead of a single reset gate. Use of an extra 

dc-biased gate can reduce reset clock feedthrough which appears on the output- 

loao resistor.  In order to simulate the reset clock feedthrough, the gated 
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b4 

output amplifier has been modeled by utilizing a MOS transistor circuit model 

stored inside the computer simulation program SCEPTRE.   Results of this 

50 
modeliny are published elsewhere.' 

B.  Use in Scattering Measurements 

A novel approach to measuring in-plane scattering in thin-film optical 

waveguides utiliziny an integrated photodectector array is presented. The 

technique is limited to waveyuides formed on semiconductor substrates such as 

Si ana GaAs which allow photodiode fabrication. In-plane scattering has been 

stuuiea previously by focusiny a beam of light prism-coupled out of a wave- 

51 
guide onto a plane scanned by a photodetector, as was done by Vahey.  The 

use of integratea detection avoids the use of the output prism which is a 

51 52 
significant additional source of light scattering.  '   In what follows, we 

present measurements for a polyurethane thin-film waveguide deposited onto a 

SiOp/Si substrate containing a photodiode array. Under certain assumptions, 

we determine from these measurements the angular distribution of the in-plane 

scattering and the nature of the surface roughness. 

The geometry of the experimental device is depicted in Fig. 20. We used 

a n-type, two inch diameter silicon wafer on which a 1 um thick Si0o layer is 

thermally grown. The waveguide film is polyurethane with a thickness of about 

1.2 urn. A linear array  of photodetectors is formed by an array of p-type 

diffusions into the substrate. The resulting detectors consist of 100 x 

lüü um photodiodes on 125 \m  centers. Adjacent to the photodiode array,  the 

SiO-, is tapereo. down to the level of the detectors in order to minimize the 
i, 

32 
light scattering that would occur upon waveguide-detector coupling.   Electri- 

cal connections were made to eight of the detectors. 

[i 
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Fig. 20  The geometry of the surface of the experimental 

device for in-plane scattering measurements. 
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Light  from <i He-Ne  laser is coupled into  the slab waveguide by a yla   . 

prism.    The  light propagates along an a^is  perpendicular to the photodiode 

array,  as shown in Fig.  20.    The relative  light intensity scattered  into each 

of the photodioues  along the array is measured by comparing the photodiode 

currents. 

The waveguide for the present experiments was found to have an attenu- 

ation of 2.3 db/cm.    The scattering measurements are  illustrated in Fig.  21. 

A least squares analysis yields for the in-plane scattering function S the 

result shown in Fig.  22.    The coefficient of determination for the analysis  is 

9b„.    The corresponding surface roughness correlation length  is 0.16    ym, and 

the root-mean-square surface roughness is 0.03    urn. 

In this section we have thus described an integrated approach to in-plane 

light scattering measurements  in a planar waveguide.     Interpretation of the 

measured data is shown to provide information concerning the nature of the 

surface rouyhness causing  the scattering.    Such  information may be useful   in 

characterizing and improving the quality of low loss thin film optical  wave- 

guides. 

< 
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Fig. 21  In-plane scattering measurements of detector current 

versus detector number for F = 15.7 mm and G = 1.9 mm. 
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Fig. 22  A polar plot of the angular distribution of the 
in-plane scattering. 
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V.  Summary and Conclusions 

A significant amount of  research has been performed as a part of this 

program sponsored by AFOSR. Most recently, results detained in laser anneal- 

ing of  optical waveguides demonstrate that use of this technique can dramat- 

ically reduce scattering in optical waveguides. Dramatic improvement was 

observeu for five materials: Corning 7059 glass, ZnO, Ta^Or, Nbo0r, and 

Si,N/,; while for two of these materials (Corning 7059 glass and ZnO), a value 

of .01 dß/cra was observed. This value is an order of magnitude better than 

any value previously reported for any thin film waveguide. The effect of such 

a reduction in scattering is to allow higher values of dynamic range in inte- 

grated optical signal processing and optical communications devices to be 

obtained, as is shown in analysis performed as a part of this research pro- 

gram. Related to this reduction of scattering, we have also developed a more 

sensitive technique to measure waveguide scattering loss and a technique to 

relate the in-plane scattering angular distribution to the mean square surface 

roughness ana roughness correlation length. 

As an important part of this AFOSR-sponsored research, surface channel 

-4 
CCOs having transfer inefficiencies as low as 1.0 xlü  have been fabricated 

and integrated with optical waveguides. These devices are 4 phase with two 

levels of overlapping polycrystalline silicon electrodes. Few universities 

have reported successful fabrication of CCDs and none of these has reported a 

better transfer inefficiency. The first published contribution involving CCOs 

as a part of this AFOSR program reported the integration of a CCD with a 

planar optical waveguide structure and successful operation. Such a structure 

could find applications in optical signal processing devices such as guided 

wave acoustooptic devices. A CCÜ has also been integrated with an array of 

channel waveguides with each channel waveguide coupled to a separate linear 

- ^ l mi       t \r-3X. -C3£g/.-^ 
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image array element. This device is expected to find applications in fiber 

optical systems as a multiplexer or receiver, in signal processing, and for 

high resolution imaging. This latter application has been demonstrated with a 

fan-out channel waveguide drraj  in which the channel waveguide array period is 

very small at the focal plane. The channel waveguides are then tapered and 

curved to a larger period at which point they couple to a linear CUD array. 

This device thus allows high resolution imaging without the necessity of 

fabricating a very small CCD linear imager. Operation of an integrated opti- 

cal channel waveguide-CCD transversal filter has also been demonstrated. The 

presence of optical channels is characterized by many of the advantages that 

result from the use of optical fibers in various applications. 

Notable accomplishements have also been made in several related areas. 

As a part of our work with CCDs, we performed the first use of voltage con- 

trast in a scanning electron microscope to image CCDs and MOS devices during 

operation. An analysis of crosstalk in photodetector arrays was carried out 

which included variations in the imaging lens focal length and diameter, 

optical wavelength, gaussian input beam standard deviation, waveguide layer 

refractive index, detector element spacing, aperture width, actual element 

width, diffusion constant, minority carrier lifetime, and several other para- 

meters. The flow of phosphosilicate glass has been studied and been used with 

anisotropic etching to form a novel waveguide lens. Hear  diffraction-limited 

operation was demonstrated. 

'•! 
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